Abstract: Cynomorium coccineum L., the desert thumb, is a rather exotic, parasitic plant unable to engage in photosynthesis, yet rich in a variety of unique compounds with a wide spectrum of biological applications. Whilst extraction, separation and isolation of such compounds is time consuming, the particular properties of the plant, such as dryness, hardness and lack of chlorophyll, render it a prime target for possible nanosizing. The entire plant, the external layer (coat) as well as its peel, are readily milled and high pressure homogenized to yield small, mostly uniform spherical particles with diameters in the range of 300 to 600 nm. The best quality of particles is obtained for the processed entire plant. Based on initial screens for biological activity, it seems that these particles are particularly active against the pathogenic fungus Candida albicans, whilst no activity could be observed against the model nematode Steinernema feltiae. This activity is particularly pronounced in the case of the external layer, whilst the peeled part does not seem to inhibit growth of C. albicans. Thanks to the ease of sample preparation, the good quality of the nanosuspension obtained, and the interesting activity of this natural product, nanosized coats of Cynomorium may well provide a lead for future development and applications as "green" materials in the field of medicine, but also environmentally, for instance in agriculture.
Introduction
For centuries, plants have provided the basis for the development of medicines for treating a wide range of human and animal diseases [1] . Although modern chemical and biological techniques such as combinatorial chemistry and library-based automated screening have, at some point, eclipsed the more down-to-earth hunt for exotic natural products in equally exotic places, the last decade has witnessed a renewed interest in plant-based natural products [2, 3] . This renaissance of the natural product has been fuelled in part by the emergence of drug-resistant pathogens, but also by a need for "milder" drugs, to treat, for instance, an ageing population over longer time periods and also against less aggressive pathogens. At the same time, plants represent a "green" and renewable resource.
Whilst plants often provide an interesting alternative to the use of synthetic drugs, the conversion of a plant part, such as a fruit or bark into a useful medication is far from trivial. The extraction and isolation of active ingredients, followed by the formulation of a suitable delivery form requires sophisticated and often expensive technologies and considerable expertise [4] . It is time consuming, results in considerable waste and, eventually, is also not easily carried out in developing countries, which despite their richness in medical plants, cannot use them, and hence rely on expensive, often unaffordable, imported drugs [5] . Not surprisingly, a large swathe of the population in developing countries is still treated by traditional healers with methods and materials dating back to the Middle Ages.
We have recently explored a possible alternative to either traditional medicine or (imported) synthetic drugs. Using basic technology from the arsenal of nanotechnology, we "milled down" whole fruits and barks of medical plants, namely Solanum incanum and Pterocarpus erinocaeus, and demonstrated that the resulting nanosuspension retains a considerable antimicrobial and nematicidal activity comparable to the one of the more sophisticated extracts [6] . Still, this preliminary study left some room for improvement, in particular because of composition (soft plants are difficult to mill and yield considerable cell debris) and the degeneration and degradation of constituents, especially chlorophyll, which is present in most plants.
To circumvent some of these problems, we therefore decided to shift our focus to medical plants with specific physical properties that render them more amenable to nanosizing. Here, Cynomorium, the Maltese Mushroom or Desert Thumb, as this parasitic non-photosynthetic plant is also known, seems to be a fine choice (Figure 1 ). Cynomorium is a renewable resource found readily and quite abundantly on islands such as Malta and Sardinia, is devoid of chlorophyll, yet rich in pharmacologically interesting anthocyanins and polyphenols, such as cyanidin 3-O-glucoside and gallic acid, and its external layer is rather hard and brittle [7] . Moreover, parts of the plant are edible, and hence not particularly toxic to humans. Yet at the same time, various products derived from it are biologically active, and have been used for centuries to treat common disorders, as they show certain antiemetic, aphrodisiac and hypotensive activities [8] [9] [10] . Furthermore, we have recently reported some aspects of the active compounds found in this plant and possible mode(s) of action associated with them [7] . Here, we provide initial evidence for the straightforward production of good quality nanoparticles of Cynomorium-both its external layer and peeled interior-and for the significant activity of some of these preparations against a common pathogenic fungus, Candida albicans. Whilst plants often provide an interesting alternative to the use of synthetic drugs, the conversion of a plant part, such as a fruit or bark into a useful medication is far from trivial. The extraction and isolation of active ingredients, followed by the formulation of a suitable delivery form requires sophisticated and often expensive technologies and considerable expertise [4] . It is time consuming, results in considerable waste and, eventually, is also not easily carried out in developing countries, which despite their richness in medical plants, cannot use them, and hence rely on expensive, often unaffordable, imported drugs [5] . Not surprisingly, a large swathe of the population in developing countries is still treated by traditional healers with methods and materials dating back to the Middle Ages.
To circumvent some of these problems, we therefore decided to shift our focus to medical plants with specific physical properties that render them more amenable to nanosizing. Here, Cynomorium, the Maltese Mushroom or Desert Thumb, as this parasitic non-photosynthetic plant is also known, seems to be a fine choice (Figure 1 ). Cynomorium is a renewable resource found readily and quite abundantly on islands such as Malta and Sardinia, is devoid of chlorophyll, yet rich in pharmacologically interesting anthocyanins and polyphenols, such as cyanidin 3-O-glucoside and gallic acid, and its external layer is rather hard and brittle [7] . Moreover, parts of the plant are edible, and hence not particularly toxic to humans. Yet at the same time, various products derived from it are biologically active, and have been used for centuries to treat common disorders, as they show certain antiemetic, aphrodisiac and hypotensive activities [8] [9] [10] . Furthermore, we have recently reported some aspects of the active compounds found in this plant and possible mode(s) of action associated with them [7] . Here, we provide initial evidence for the straightforward production of good quality nanoparticles of Cynomorium-both its external layer and peeled interior-and for the significant activity of some of these preparations against a common pathogenic fungus, Candida albicans. 
Materials and Methods

Collection and Preparation of Plant Materials
Plants were collected in May 2016 in Arborea (Sardinia, Italy, N 39.7294297, E 8.5083536). The samples were carefully handled as described by us previously [11] . In one part of the samples, the red external layer (EL) and the colourless internal peeled plant (PP) were carefully separated from the whole plant (WP) as exhibited in Figure 2 , and the resulting three samples were freeze-dried using Telstar LyoQuest-55 (Milan, Italy) within two hours of the collection.
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Preparation of Extracts
Freeze-dried plant material was mechanically homogenized using ultra-turrax (IKA Werke GmbH & Co., Staufen, Germany), and extracted at room temperature, as already described, with minor modifications [7] . Briefly, 5 g aliquots were suspended in 25 mL purified water and gently stirred for 60 min. The supernatant was collected after centrifugation at 7000×g for 15 min at 4 °C. The 
Freeze-dried plant material was mechanically homogenized using ultra-turrax (IKA Werke GmbH & Co., Staufen, Germany), and extracted at room temperature, as already described, with minor Inventions 2017, 2, 24 4 of 10 modifications [7] . Briefly, 5 g aliquots were suspended in 25 mL purified water and gently stirred for 60 min. The supernatant was collected after centrifugation at 7000 × g for 15 min at 4 • C. The procedure was repeated seven times until the extracts, which were initially red in colour, became paler, indicating he complete extraction of one of the main coloured and biologically active components, cyanidin 3-O-glucoside. The resulting seven extracts were collected together, lyophilized and stored separately at 4 • C.
Preparation of Nanosized Material
The freeze-dried plant samples were nanosized as described previously by us employing the standard procedure with appropriate alterations [6] . Here, each sample was suspended in surfactant solution as a 1% w/w suspension of Plantacare ® 2000 UP (BASF, Ludwigshafen, Germany) in distilled water. The presence of surfactant is essential to yielding stable particles during the subsequent mechanical milling and homogenization [12, 13] . The suspensions were processed through high-speed stirring using a Polytron ® PT 2100 (Kinematica GmbH, Luzern, Switzerland) equipped with a Polytron ® PT-DA-2112/EC aggregate. The processing rotations were set at 15,000 rpm. Subsequently, each sample was exposed to initial homogenization cycles at 200, 500 and 1000 bar pressure, each for 3 cycles, while for final homogenization at 1500 bar pressure, 5 cycles were employed using an APV Gaulin LAB40 high pressure homogenizer (APV GmbH, Mainz, Germany).
Characterization of Nanosized Material
During the process of converting the bulk material into effective nanosized material, particle characterization was performed for in-process as well as end-process particle analysis. These analyses assisted in monitoring the nanosizing process at each step. A three-way particle size characterization, employing a Mastersizer 3000 (Malvern Instruments, Malvern, UK) for laser diffraction analysis, a Zetasizer Nano ZS (Malvern Instruments, UK) for Photon Correlation Spectroscopy analysis and Olympus BX53 microscope (Olympus Corporation, Tokyo, Japan) equipped with SC50 CMOS colour camera (Olympus soft imaging solutions GmbH, Muenster, Germany) for a microscopic view, was performed. Laser diffraction was performed at 1700 rpm and using Mie theory for size calculation. Optical parameters of 1.59 (real refractive index) and 0.02 (imaginary refractive index) were used. Samples were analysed without further sonication to avoid de-agglomeration of the particles, which is a sensitive measure for physically unstable samples. Photon correlation spectroscopy was performed by using the general-purpose mode, i.e., detection of the scattered light intensity at 173 • and analysis for broadly distributed samples. Each measurement was performed in triplicate.
Antimicrobial Analysis
The extracts, as well as the homogenized nanosuspensions, were tested for possible activity against Candida albicans (provided generously by the research group of Prof. J. Reichrath, Department of Dermatology, UKS, Homburg/Saar, Germany). As guided by the literature, microbial growth assays were performed monitoring the optical density in order to obtain appropriate growth curves [14, 15] . The optical density was measured at 540 nm with a Varian Cary 50 Bio UV-Visible spectrophotometer (Varian Australia Pty Ltd., Mulgrave, Australia). A mixture of penicillin, streptomycin and amphotericin B (4 U, 0.4 µg/mL and 10 µg/mL respectively) was used as a positive control. To exclude the possibility of Plantacare ® (surfactant) exhibiting any activity, negative controls included dilutions of 1:50, 1:20 and 1:10 for the 1% Plantacare ® stock solution (i.e., the final Plantacare ® concentration was at or well below 0.1%). The same dilutions were used to determine the activities of nanosized material and extracts to yield comparable results. Media and cultures were mixed with the dilutions of particles or extracts and incubated at 37 • C. The optical densities were subsequently measured at 0, 4 and 24 h time intervals (the 0 h implies this measurement was taken immediately after incubation). All experiments were performed in triplicate, and on three different occasions (n = 9). Here, different preparations of nanosuspensions were employed to rule out any specific activities associated with just one singular preparation. Results are represented as means ± standard deviation (SD). Statistical significance was calculated by using one-way ANOVA. A value of p < 0.05 is considered statistically significant.
Results
Overall, the results demonstrate that a combination of wet milling and high-pressure homogenization of Cynomorium results in rather uniformly sized and shaped particles with diameters in the hundred nanometre range, which exhibit some activity against C. albicans, whilst they are more or less inactive against other potential targets, such as nematodes (Steinernema feltiae) and certain bacteria. These results will now be presented and discussed in detail.
Nanosized Particles
Considering the microscopy images of the nanosuspension, it is immediately apparent that the use of high-speed stirring and pre-milling results in a particular material which contains smaller particles but also still some larger objects. Further homogenization leads to a material which is more homogeneous, as indicated by the laser diffraction measurements [16] . Interestingly, the whole plant seems to be the most amenable to milling and homogenization, as the particles obtained in this case are the most uniform with regard to size and shape. Processing the entire Cynomorium also yields the smallest set of particles, with an average diameter of around 400 nm (Panel A). In contrast, the particles obtained from the outer layer and inner section are slightly larger, with diameters of 500 and 600 nm, respectively.
It should be noted that the sequence of crushing the plant fabric, from simple pre-milling to high-pressure homogenization, successively leads to smaller and more uniform particles (Figure 3) . The small particles form a-stabilized-nanosuspension which is desirable for two main reasons. Firstly, it is, to some extent, bioavailable and can be administered; and secondly, the (rapid) release of biologically active substances is ensured by a large surface-to-volume ratio, which is paramount for such processes to take place. As the size of the particles is therefore crucial and essential to preserve, a short physical stability study was performed in order to rule out possible degradation or aggregation. The data obtained so far confirms a sufficient stability of the suspensions obtained, i.e., no significant changes of particle sizes in the nanosuspensions could be observed over a period of at least 2 weeks at 4 • C.
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Activity against Microorganisms: C. albicans
Indeed, biological tests require either dissolved materials, as is usually the case for synthetic compounds, or fine suspensions, as is the case with nanosized Cynomorium. Whilst crude materials, such as the ones obtained initially by wet ball milling, could not be tested in our standard (micro-) biological assays including bacteria, yeasts and nematodes, the final homogenized products were of sufficient quality and stability to be tested. At this point, it was also possible to compare their activities with the ones of the corresponding extracts. Eventually, the samples investigated showed no or only a low activity against Steinernema feltiae, but a rather significant toxicity against C. albicans, which is illustrated in Figure 4 . It is apparent that the particles of the entire plant exhibit a statistically significant activity even when employed at a 1:50 dilution of the nanosuspension, which in turn "only" contains 0.02% of particles per weight. This activity is apparent almost immediately, i.e., after addition, and becomes more pronounced, pointing towards a combination of cytotoxic and cytostatic action. It should be noted that this activity is not due to the presence of the natural surfactant Plantacare ® , which is commonly used to stabilize medical or cosmeceutical particles and, as mentioned already, is still essential to avoid aggregation of such particles [17] [18] [19] . Furthermore, the activity observed for the nanosized whole plant corresponds well to the one of the corresponding extract: After 24 h and at a 1:50 dilution, the nanosized suspension results in a reduction of viability (compared to the untreated sample) by 40%, whilst the extract, at the same dilution, reduces viability by 10%. This is rather remarkable, as the extract is more concentrated and contains solely soluble substances, and hence also dissolves faster and almost completely. This somewhat intriguing finding will be discussed later on.
When comparing the activity of particles derived from the outer layer of Cynomorium with those of the whole plant and the inner part, it is obvious that the outer layer is the more active part of the plant. At higher concentrations, i.e., at lower dilutions, the nanosuspension and extract based on this coat are both able to reduce viability and/or suppress growth considerably, i.e., to less than 25% viability (Figure 4b ). In contrast, the suspension and extract produced from the inner part of the plant are both somewhat less active, although not entirely inactive, either. The nanosized material from the inner part shows a growth inhibition of 50%, while the extracts and nanosized samples from the external reveal an inhibition of 75%. 
Indeed, biological tests require either dissolved materials, as is usually the case for synthetic compounds, or fine suspensions, as is the case with nanosized Cynomorium. Whilst crude materials, such as the ones obtained initially by wet ball milling, could not be tested in our standard (micro-) biological assays including bacteria, yeasts and nematodes, the final homogenized products were of sufficient quality and stability to be tested. At this point, it was also possible to compare their activities with the ones of the corresponding extracts.
Eventually, the samples investigated showed no or only a low activity against Steinernema feltiae, but a rather significant toxicity against C. albicans, which is illustrated in Figure 4 . It is apparent that the particles of the entire plant exhibit a statistically significant activity even when employed at a 1:50 dilution of the nanosuspension, which in turn "only" contains 0.02% of particles per weight. This activity is apparent almost immediately, i.e., after addition, and becomes more pronounced, pointing towards a combination of cytotoxic and cytostatic action. It should be noted that this activity is not due to the presence of the natural surfactant Plantacare ® , which is commonly used to stabilize medical or cosmeceutical particles and, as mentioned already, is still essential to avoid aggregation of such particles [17] [18] [19] . Furthermore, the activity observed for the nanosized whole plant corresponds well to the one of the corresponding extract: After 24 h and at a 1:50 dilution, the nanosized suspension results in a reduction of viability (compared to the untreated sample) by 40%, whilst the extract, at the same dilution, reduces viability by 10%. This is rather remarkable, as the extract is more concentrated and contains solely soluble substances, and hence also dissolves faster and almost completely. This somewhat intriguing finding will be discussed later on.
When comparing the activity of particles derived from the outer layer of Cynomorium with those of the whole plant and the inner part, it is obvious that the outer layer is the more active part of the plant. At higher concentrations, i.e., at lower dilutions, the nanosuspension and extract based on this coat are both able to reduce viability and/or suppress growth considerably, i.e., to less than 25% viability (Figure 4b ). In contrast, the suspension and extract produced from the inner part of the plant are both somewhat less active, although not entirely inactive, either. The nanosized material from the inner part shows a growth inhibition of 50%, while the extracts and nanosized samples from the external reveal an inhibition of 75%.
plant It should also be mentioned that we have routinely tested the nanosuspensions against other targets, such as the model nematode S. feltiae, the Gram-negative bacterium Escherichia coli and the Gram-positive Bacterium Staphylococcus aureus. Whilst no significant activity could be found against the model nematode at the highest concentration used (i.e., 1:10 dilution of stock), a clear result for potential antibacterial activity was difficult to obtain due to the inherent antibacterial activity of the surfactant Plantacare ® .
Discussion
In essence, the results obtained confirm the general notion that milling of entire-medicinalplants lead to crude but biologically active materials based on a sustainable, environmentally friendly resource. The latter possess an activity comparable to the one of extracts, and may be applied directly, thus circumventing time-consuming extraction, purification, evaporation and formulation steps (Figure 2) . Still, this rather crude approach has both advantages and disadvantages, some of which will now be discussed in more detail.
First of all, it appears that dry, brittle parts of plants devoid of readily degrading compounds such as chlorophyll are more amenable to nanosizing when compared to fruitier or fibrous materials, such as fruits, leaves and probably also roots and barks. Whilst this may seem obvious and fairly trivial, one should remember that the outer layer of Cynomorium in fact contains some flower tissue, which in other plants poses a serious challenge for milling. Indeed, the ease of ball milling and high pressure homogenization, together with the good quality of the particles-uniform, small size and spherical shape-are rather promising, even when compared to our own previous studies in this field with S. incanum and P. erinaceus [6] .
The biological activity of the nanosuspensions obtained is rather competitive, for instance when compared to other nanosized materials. Indeed, in our own hands, the nanoparticles obtained for Cynomorium, and here in particular for the outer layer, were significantly more active against It should also be mentioned that we have routinely tested the nanosuspensions against other targets, such as the model nematode S. feltiae, the Gram-negative bacterium Escherichia coli and the Gram-positive Bacterium Staphylococcus aureus. Whilst no significant activity could be found against the model nematode at the highest concentration used (i.e., 1:10 dilution of stock), a clear result for potential antibacterial activity was difficult to obtain due to the inherent antibacterial activity of the surfactant Plantacare ® .
In essence, the results obtained confirm the general notion that milling of entire-medicinal-plants lead to crude but biologically active materials based on a sustainable, environmentally friendly resource. The latter possess an activity comparable to the one of extracts, and may be applied directly, thus circumventing time-consuming extraction, purification, evaporation and formulation steps (Figure 2) . Still, this rather crude approach has both advantages and disadvantages, some of which will now be discussed in more detail.
The biological activity of the nanosuspensions obtained is rather competitive, for instance when compared to other nanosized materials. Indeed, in our own hands, the nanoparticles obtained for Cynomorium, and here in particular for the outer layer, were significantly more active against C. albicans when compared to nanoparticles of the chalcogens sulphur, selenium and tellurium, as well as particles of S. incanum and P. erinaceus, whose formation and activity we have reported previously [6, 15, 20, 21] .
At the same time, the activities of the more active nanosuspensions also compare well with those of the respective extracts. As mentioned previously, this is rather stimulating, as the extracts are generally superior to whole plants; extracts contain soluble substances in a concentrated form and dissolve, rather than release, their active ingredients, fully and almost instantaneously. In this regard, particles tend to be inferior, as they carry insoluble and inactive "ballast", and also prevent a rapid release of the soluble, active ingredients captured within. One may contemplate that such particles are slowly but constantly releasing substances toxic to C. albicans, or that C. albicans is "nibbling" on those particles, eventually to its own detriment.
As Cynomorium can easily be dissected in a more brittle outer layer and a softer, edible inner part, we have wondered if the activity observed for the whole plant may be assigned to either of them. Indeed, the outer, brittle and harder layer of Cynomorium yields the particles with the best quality and highest activity, whilst the peeled, softer inner part may be milled, yet the resulting nanosuspension is less active. Hence, the substances responsible for activity seem to reside primarily-but not exclusively-in the outer layer, a finding in line with previous studies on this plant, which have revealed a high content of biologically active cyanidin 3-O-glucoside in this layer [11] . In contrast, the peeled inner part of the plant, which has in the past on occasion served as food, is less active, probably due to the lack of such substances.
Still, when comparing the activity of the processed or extracted whole plant with the one of the processed or extracted outer layer, it seems that there is not that much difference (Figure 4 ). There may be reasons for this, ranging from the fact that the inner part of the plant is also to some degree active to a more fanciful view, for instance, that the outer and the inner parts may blend during nanosizing into a unique sample with mutual synergy. In any case, the activity of products derived from the whole plant somewhat removes the need for dissection, an aspect that may become important as part of any future product development (e.g., less steps, higher quantities and yield, less waste).
As far as such product development is concerned, it may be premature at this stage to speculate about any practical applications of such nanosuspensions, as stability, storage, safety and mode(s) of application still need to be addressed. It may also be essential to find alternatives to the use of the detergent Plantacare ® , either in the form of another detergent or of a method that leads to a self-stabilization of the plant particles, and hence a reduced need for any such additional stabilizer. Nonetheless, the ease of preparation, even with the methods available to date, the activity against a common human pathogenic fungus such as C. albicans, and the fact that such nanosuspensions may be prepared easily, are initially sterile, stable for several days (if not weeks) at 4 • C, and could probably also be freeze-dried, stored and resuspended as powders, renders them interesting as a possible remedy against this or related fungal infections, when more aggressive, synthetic drugs are not a first choice of treatment.
It should also be emphasized once more that plants such as Cynomorium represent a renewable and hence sustainable, environmentally friendly resource. Their production, processing and subsequent applications may-literally-open up new fields of ecological and economical farming.
Conclusions
In future, the approach to nanosizing entire medicinal plants or parts thereof needs to be investigated further. Simultaneously, the method needs to be refined, for instance, to produce Inventions 2017, 2, 24 9 of 10 smaller and more uniform particles. It may also be interesting to explore avenues for lyophilising and resuspending such particles in order to increase their stability and storage properties. Eventually, this line of investigation may lead to more applied research, i.e., to larger-scale methods for industrial production. On the other side, the more basic, chemical and pharmacological aspects need to be addressed further. Here, the question of the release of specific biologically active substances, their mode(s) of action, the issue of nanotoxicology, for instance due to physical damage caused by the fibrous nature of the particles, and of uptake, excretion and degradation may need to be addressed. Eventually, one may also see Cynomorium as just one example of an emerging class of "milling friendly" plants, and may branch out to other, similar renewable materials, such as barks, shells or even spikes of plants, i.e., of dry, hard and brittle materials that promise straight-forward nanosizing and, literally, fine particles.
